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In the past few years, the study of collisions between complex nuclei [1] has called attention [2] to the need for a collision theory where frictional forces are present, which are capable of dissipating energy, i.e., converting energy of collective degrees of freedom into heat--internal microscopic (nucleonic) degrees of freedom. Various attempts [3] have recently been made in this direction. 1 The present paper is concerned with a study of collisions betwe·en some of the simplest idealized systems where dissipative effects are taken into account explicitly from the beginning. The general framework in which we approach the problem has 2 been discussed in some detail in the last talk :
(a) Macroscopic and leptodermous [4] idealization.
(b) Freezing all but a few of the degrees of freedom.
Thus, we describe the collective or gross behaviours of the collision, not in terms of individual nucleons (the microscopic approach),
.·but in terms· of macroscopic degrees of freedom, such as the shape, angular velocities and the distance between the two bodies. The preference of this approach over the microscopic approach is obvious in the case of a brick sliding on a rough surface. In the case of collisions between two _heavy ions, this approach has recently been found to be quite fruitful.
The solution of a dynamic problem with N degrees of freedom yields, in general, N coupled differential equations, which is easy to solve only if N is small. In our study we made the important l The present work is done in collaboration with W. J. Swiatecki.
2 w. J. Swiatecki, Aspects of heavy ion dynamics, these proceedings. Having defined the degrees of freedom, we have to specify the forces involved: The conservative forces are 1) Coulomb force 2) Nuclear Proximity force Besides these two forces, there is also .the centrifugal "force"
for which, in ourpresent calculations, we have used formulas of moments of inertia corresponding to rigid bodies though we could have used other formulas for them. The second force listed above, nuclear proximity force, has been discussed· in some detail in the·last talk. In our
simplified picture it appears as 'an attractive force set in when the two bodies come into contact with a strength of 41TR y where
andy is the surface tension coefficient whose.value can be extracted from a nuclear mass formula. The force will become repulsive as the two bodies penetrate each other (with the overlap region having a density doubling the normal value).
For the dissipative force, we have assumed the following form: (1) where the volume integral is over the overlap region, p 1 and p 2 are the -+ densities due to projectile and target nuclei, respectively, u 12 is the relative yelocity at each point, and k.is the frictional coefficient. The radial equation of motion, Eq. (2), is easy to understand.
The three terms on the left-hand side represent the acceleration, centrifugal force, and dissipation in the radial direction, respectively.
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Note the last terrri has the form .r.ecognizable from our definition of the frictional force. Equation (3) giving the conservation of angular momenta is also apparent. However, this equation has the important implication that the orbital angular momentum (8 degree of freedom) is not constant. Thus, if 1 1 and 1 2 are increased during the collision process due to friction (notice that in Eqs. (4) and (5), the driving force on the right-hand side of the equation is proportional to the frictional. coefficient k), then L will be decreased, thus reducing the centrifugal force term in Eq. (2). The implication will be further discussed when we are presenting .our calculation results.
Equations (4) and (5) Then the first.term is zero, and it is.the small second term that resists the relative angular velocity <E\ -: -8 2
). Thus, the first term may be called the "sliding friction", being friction against sliding leading to a rolling condition, and the second term, the "rolling friction", being the friction against rolling, causing the system to get stuck completely with 
Coulomb anq proximity forces. We notice that in the case of a captured rot· system, the quantity k ~0 V(s)dt -+oo and the centrifugal force is reduced by a factor of (~) 2 :::::: l
Here "capture" means. rolling capture then the system will. not see a pocket in the potential energy curve on the way out and no capture. can take place. Conversely, L < l L is a 0 5 w necessary (but not sufficient) condition for capture. In the case when rolling friction is ·operative, the final stuck system has.all angular velocities equal e = e = e and it is easy to verify that the necessary 1 2 condition for capture is that
... However, as the radial energy is increased, frictional forces act more significantly, reducing the value of·the orbital anguiar momentum as illustrated in Fig. 2 , and the system will be captured. Now as one
.reaches a very high radial energy and a low angular momentum, even though there is a pocket in the potential energy curve, friction cannot dissipate sufficient energy and the system goes in and comes out over the barrier and no capture occurs. This effect would imply a lower cutoff in angular momentum to fusion probability (in addition to the upper cutoff discussed abov~~ The ratio of,the portion of the constant incident energy line 1. 25 fm.
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under the curve and that portion outside the curve projected to the horizontal axis gives the relative cross-sections of capture and non~capture reactions. This value decreases as one goes to a curve corresponding to a lower value of the frictional coefficient.
In the limit of zero friction, nothing is captured. For the case of very large friction everything is captured (K 1 ~ 1) with the limiting angular momentum -5 7 the Wilczynski value, and rotation energy (l)
The oniy extra comment required here is that the limiting angular momentum for large K' is f the Wilczynski's value only when rolling friction is switched off. When it is included, the limiting angular momentum with the corresponding rotation energy is greater as indicated. However, the curves for small K' are. not much affected.· It was recently pointed out by Wilczynski [7] in studying the is required to be a surprisingly small number K ""'0.02, the value for critical damping, in a· potential well corresponding to our proximity force being K = 1. We got some confirmation of this value when it occurred to us that we can apply our theory to the oscillation of neutron matter and proton matter of a nucleus in a giant dipole resonance. Using the value for the width of resonance energy to be about 4-5 MeV we obtain a value for K = 0.014. We do not attach too much significance to the good agreement of the two determinations of the frictional coefficient. It is probably more of an accident, since a broader comparison of experiments will certainly be n·ecessary to enable one to make a more definite statement.
In conclusion, we have made a calculation with an idealized model of heavy ion collision, in which friction is put in explicitly from the beginning. -12-LB.L-2928 calculation has to be un-frozen in order to include all qualitative features of the physical process. The most important one is probably ·the neck formation degree of freedom, which we find to have significant influence on our picture. Some t~oughts have been put into this problem, and we expect that we will incorporate this degree of freedom in our next calculations. 
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